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Background: Scientiﬁc efforts directed toward improving the defense of plants to pathogens are
dependent on knowing how the defense responses are signaled. In general a given plant can resist
essentially all challenging pathogens except for the true pathogens which have developed means to
suppress or evade the plant’s ‘‘non-host’’ resistance response. Thus understanding the signaling of this
potent level of immunity is paramount.
Findings: The initiation of transcription of defense genes associated with non-host resistance responses
in plants has been hypothesized both as the direct targeting of DNA (chromatin) and as an indirect
activation of transcription factors following a PAMP (effector)/PRR (receptor) recognition. Documenta-
tion exists for both routes and this report evaluates two PAMPs in the pea endocarp system in which DNA
damage has been proposed to directly initiate defense gene transcription. The induction of immune
responses resulting from direct effects on chromatin has not received the attention warranted. To
account for ﬂexibility in initiating transcription of defense genes, the plant must be responsive to
challenges by every organism and all biological elicitors. The PAMP/PRR hypothesis is visualized as
families of pattern recognition receptor proteins localized mainly in the cell membrane that become
bound with effectors thereby cascading a signal to speciﬁed transcription factors. Direct challenges from
nuclear penetrating elicitors in the pea non-host resistance system are visualized as causing an
unlimited diversity of structural changes to chromosomal regions in the vicinity of plant non-host
defense genes and subsequently enhancing their transcription. This report further evaluates the action of
candidate PAMPs; ﬂg22 from bacteria and chitin from fungi, in signaling the non-host resistance
response of peas.
Conclusions: The results indicate that these PAMPs only marginally elicit pisatin production compared
with challenges containing intact fungal spore suspensions. High external conc. of the PAMPs activated
both a set of PR (pathogeneses-related) genes and developed cytological-detectable disease resistance
against a true pea pathogen. The failure of lower concentrations of chitinous treatments to activate
cytological detectable disease resistance, PR gene induction or pisatin accumulations suggests the
existence of additional signaling routes to the non-host disease resistance generated by intact fungal
spores. DNA damage to the pea DNA was detected indicating direct effects from PAMPs on the chromatin
occur. Only high concentration levels of these PAMPs appear to have the potential to constitute a portion
of those signals generating responses in peas against the vast arsenals of microbes in nature.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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The ‘‘renaissance of elicitors’’ terminology was advanced [1]
due to a realization that host/parasite interactions can involve a* Corresponding author. Tel.: +1 509 335 3751.
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This recognition prompted the development of a more speciﬁc
terminology especially for interactions between Avr genes of the
pathogen and R genes within the plant host [2]. The eliciting
component was termed a microbe or pathogen-associated
molecular patterns (MAMPs or PAMPs, respectively) and the
corresponding plant component, a ‘‘pattern recognition receptor’’
(PRR). This terminology ﬁts some interactions in plant defense andle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ﬁt for Toll-like receptors. However, there is a ‘‘tremendous
structural diversity of such elicitors’’, suggesting that plants have
evolved an enormous arsenal of perception systems for these
microbe-derived structures’’ [3]. Furthermore, the speciﬁcity of the
perception could result both in triggering a resistance response in
resistant plants and an insufﬁcient defense response in a
susceptible plant. Although the plant genomes contain 20,000
genes the production and maintenance of this arsenal of protein
receptors is a tall order and may not be realistic. Also when present
such reception may not exist as an exclusion of other forms of
cellular reception.
Of the current reports on PAMPs [4], two major motif types of
interest are the chitin oligosaccharides, degrees of polymerization
(dp) from 3 to 8 [5–8], representing fungi and bacterial ﬂg22, a
peptide that represents the active domain of ﬂagellin from gram-
negative bacteria [4,9]. Chitin treatments can activate defense
responses in both monocots and dicots.
Flagellin, a major PAMP, is recognized by the Arabidopsis plant’s
PRR, ﬂagellin-sensing 2 (FLS2) [10,11]. Flagellin binding leads to
hetero-dimerization with BAK1 that is important for downstream
defense signaling [12,13]. Treatment with ﬂg22, an elicitor-active
domain within the total ﬂagellin molecule leads to defense
activation in Arabidopsis [10].
In animal systems, PAMPs in generating immune responses can
initiate a proteolytic cascade that generates a protein ligand for
Toll called ‘‘Spatzle’’ [3]. Toll and Toll-like receptors (TLRs) interact
with serine–threonine kinases, some of which share homology
with kinase domains of plant receptors such as FLS2, the receptor
for ﬂg22. Subsequently a series of protein kinases mediate the
activation of transcription factors, such as the nuclear factor-kB
(NF-kB), a family of inducible trans-activators. This mediation
occurs through the inactivation of a protein inhibitor (IkB of NR-
kB), and results in the expression of immune response genes. In
plants, leucine rich repeat (LRR)-type proteins with similarities to
TLR and Toll appear to be involved in the defense gene activation
[4]. Some of these genes produce peptides with direct anti-
microbial activity. The peptide drosomycin from insect shares
limited homology with the ‘‘defensin’’ peptide products of the pea
genes DRR39 and DRR230. Although there are an increasing
number of reports on PRR proteins, it is timely at this point to
determine if these match-ups are universally employed in
generating the defense responses of plants. Particular attention
should be directed toward non-host resistance that has been
shown to be a stable form of diseases resistance. The generation of
this resistance by all microbes demands that the plant responds to
a nearly unlimited number of elicitors or effectors.
The pea endocarp system has previously been used to evaluate
components that elicit the non-host defense response [14,15]. The
system allows an examination of synchronous molecular events
culminating in non-host resistance as the elicitor contacts all of the
cells within an epidermal surface layer lacking a cuticle barrier.
Within 6 h, the endocarp surface cell layers completely suppress
further growth of an inappropriate or incompatible pathogen [14]
such as Fusarium solani f.sp. phaseoli (Fsph) a pathogen of bean.
Meanwhile, the same tissue hosts a susceptibility response for true
pathogens such as F. solani f. sp. pisi (Fspi) that develops within
24 h. The pea endocarp system [16] has also been employed to
follow and understand the transcription initiation of the non-host
resistance response at chromatin sites targeted by DNA-speciﬁc
gene activators. These DNA-speciﬁc compounds activate directly
without a requirement for a PRR receptor. The induced mRNAs
transcripts, when translated in vitro to their corresponding
proteins and separated two-dimensionally show similar protein
induction patterns although they are generated by widely differing
elicitors, e.g. chitosan and actinomycin D [17]. Within theseenhanced gene products are disease resistance response (DRR)
proteins or pathogenesis-related (PR) proteins, some with func-
tions known to directly suppress pathogen growth [14,18].
The production of the pea antifungal phytoalexin, pisatin
indicates the activation of secondary pathway enzymes [19] that
catalyze steps of the isoﬂavonoid pathway and as such is one
indicator of the initiation of the disease resistance response within
the pea endocarp tissue.
A number of components foreign to pea with known modes of
cellular action can mimic the induction of both pisatin production
and the activation of PR genes [20]. A major phytoalexin- and PR
gene-elicitor, chitosan [21] has been regarded as a ‘‘MAMP (PAMP)
in search of a PRR’’ [22]. Both chitin and chitosan are components
of fungal cell walls. Although chitin and chitosan have some
structural similarities it is useful to further evaluate chitin for
elicitor action and its potential for possible PAMP/PRR match-ups
in pea tissue. A direct comparison with chitosan would help
determine if chitin induction previously classiﬁed as a PAMP in
other plant systems involves a mechanism similar to that of
chitosan and other elicitors that appear to be transferred to the
host nucleus in pea tissue [15]. Therefore, in our current study, the
pea endocarp system was chosen to study two PAMPs, chitin and
ﬂg22, both being well described in other plant–pathogen inter-
actions [3]. We also include chitosan in the study for comparison.
To explicit their roles in disease resistance, we have compared their
abilities to induce the accumulation of pisatin and activate some
representative pea PR, or disease resistance response (DRR), genes
with those induced by a non-pathogen. Furthermore, we evaluate
their effects on the development of disease resistance against the
pea pathogen, F. solani f. sp. pisi (Fspi) and the non-host resistance
response against F. solani f. sp. phaseoli (Fsph), a pathogen of bean.
2. Materials and methods
2.1. Biological and molecular materials
Immature pea pods (2 cm in length) were harvested from Pisum
sativum cv. Lance plants grown in sand in the greenhouse (12 h
light). All fungi were cultured on potato dextrose agar (PDA)
(Difco) supplemented with pea pods (5 g/L). Fungal cultures used
in this study were F. solani f. sp. pisi Snyder & Hansen (ATCC no.
38136) (Fspi) and F. solani f. sp. phaseoli Snyder & Hansen (ATCC no.
38135) (Fsph) from pea and bean respectively.
2.2. Assay of the antifungal activity of chitin and ﬂg22
A 10 ml aliquot containing 1 mg/ml ﬂg22 was applied to the ﬁrst
well of a sterile dilution plate in an equal volume of Vogel’s
medium [23] and serially diluted with 50% dilutions by same
medium across 12 wells. Fusarium spore suspensions (5 ml with
30 spores) were applied to these dilutions. Visual growth of the
spores was recorded as percent of growth on Vogel media at 24 and
72 h. At 72 h the contents of each well were examined on a glass
slide under a low power light microscopy to further document the
fungal growth.
2.3. Cytological assay of fungal growth on endocarp tissue
Treatments of 10 ml of ﬂg22, 0.5–0.015 mg/ml were adminis-
tered to the pea endocarp surfaces of each pod half (0.6 g fr.wt./
treatment total) followed within 20 min by inoculations with 5 ml/
pod half of Fspi or Fsph spore suspensions (3.3  106/ml). Fungal
growth was recorded 24, 48 and 72 h post inoculation. The
epidermal cell layers on the surface of the pea pods were manually
removed with a razor blade and stained using cotton blue (aniline
blue) (1 mg per 100 ml lactic acid). The fungal growth of
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Olympus BH-2 microscope and photographed with a Nikon (4300)
camera with an attached Sharp monitor. This experiment was
repeated twice with different harvests of pea pods from 6-week-
old plants and new spore preparations daily.
2.4. Quantiﬁcation of pisatin accumulations
The production of pisatin is indicative of the activation of
secondary pathway enzymes, associated with pisatin biosynthesis
[24], within the pea endocarp tissue and typically the initiation of
the disease resistance response. The pisatin production induced by
the application of powdered chitin, chitin oligomers (3–4 and
>4 dp), ﬂagellin and ﬂg22 treatments on pea pods was determined.
The treatments (10 ml/pod half) were applied to the exposed
endocarp tissue immediately following separation of the two
halves of freshly harvested immature pea pods (2 cm in length) and
distributed over the entire surface with a glass rod. Following a
24 h incubation at 22 8C in 100% humidity in the dark or with low
ﬂuorescent lighting, the pisatin was extracted from the pods using
5 ml of hexanes. The hexanes were volatilized off and the pisatin
was extracted from the residue with 1 ml 95% ethanol. Pisatin was
quantiﬁed with a UV spectrophotometer. An absorbance of 1 OD
unit at OD309 equals 43.8 mg pisatin. Purity was assessed in the
scanning spectrometer, based on the absorption spectra of
authentic pisatin.
2.5. Activation of PR genes
Procedures for total RNA isolation and puriﬁcation followed
those described in the previous paper [25] and were brieﬂy
described as follows.
Pea endocarp tissues were treated with chitin and ﬂg22 as
described above and after 5½ h tissue was ground in liquid
nitrogen and solubilized in extraction buffer 1 (sodium perchlo-
rate, 5 M; Tris base, 0.5 M; sodium dodecyl sulfate, 2.5%; NaCl
0.05%; and disodium EGTA, 0.05 M). Following centrifugation
(5000 rpm), the DNA and RNA were precipitated from the clear
supernatant solution with 2.5 volumes of 95% ethanol. The nucleic
acids were re-dissolved in water and chloroform/phenol extracted;
total nucleic acids were re-precipitated from the aqueous phase
with three volumes of 95% ethanol and re-dissolved in water. This
water phase was adjusted to 2.0 M lithium chloride to precipitate
the RNA. The total RNA from each sample was pelleted at
15,000  g for 15 min. The pellets were washed with cold 70%
ethanol and air dried. Each dried RNA pellet was resuspended in
proper volume of nuclease-free H2O to make 45 ng/ml after being
quantiﬁed with ND-1000 NanoDrop Spectrophotometer (Nano-
Drop Products, Wilmington, DE). The cDNA was synthesized using
90 ng of RNA per reaction and the Verso cDNA Synthesis Kit
(Thermo Scientiﬁc, Hanover Park, IL) according to the manufac-
turer’s protocol. The primers (Table 1) used for genes targeted for
real-time polymerase chain reaction (realtime PCR) are the same as
those described previously [25]. All real-time PCR reactions were
set up using the SsoAdvancedTM Universal SYBR1 Green SupermixTable 1
Targets used for real time qPCR, Genbank accession numbers and primer sequences.
Target Genbank # Real-tim
Pea ubiquitin L881142 GGCTAA
Pea actin (Pea-ACT) U81046 CACAAT
DRR206 U11716 CTTGGC
DRR230 (defensin) L01579 TGTGGT
PR10 (AKA DRR49) U31669 GATCTC
PR1b AJ586324.1 AACTCA(BioRad, Hercules, CA) and run on a CFX ConnectTM Real-Time PCR
Detection System (BioRad, Hercules, CA) according to manufac-
turer’s directions. Thermocycling conditions were 95 8C for 2 min,
followed by 40 cycles at 95 8C for 5 s and 60 8C for 30 s with melt
curve using instrument default setting. Assays were normalized
using expression of the pea ubiquitin gene. Three replicates per
treatment were used.
2.6. Cytology of ﬂg22-induced or chitin-induced resistance based on
the growth of F. solani f. sp. pisi conidia on pea
Each dilution of the PAMP was applied in 10-ml volumes to the
endocarp surface of pea pod halves followed in 30 min with a 5-ml
overlay of F. solani f. sp. pisi spores (3.3  106/ml). At 24-h intervals
post-inoculation, razor-blade sections of the inoculated endocarp
surface were treated with cotton blue and the growth of the
macroconidial spores recorded (30 observations/section). Hyphal
growth was measured in terms of the macroconidial spore lengths
(45 nm) and photographed in a light microscope. Also, the
presence of the yellow-green hypersensitivity accumulation in pea
tissue surrounding the fungal spore, typically associated with non-
host resistance, was recorded.
2.7. In vivo quantiﬁcation of pea nuclear DNA damage and nuclear
distortion
The endocarp surfaces of each pod half were treated with 10 ml
of water or 10 ml of the treatments indicated in ﬁgure legends and
after 2 or 5½ h were removed with 10-ml washes of sterile water.
Total DNA was extracted as described above. The total DNA was gel
separated directly. Alternately smaller fragments were separated
from the high molecular weight DNA as follows: Aliquots (90 mg)
of DNA (2 ml) were encumbered in 1% molten CHEF-gel grade
agarose in alkaline buffer (30 mM NaOH and 4 mM EDTA) and
solidiﬁed in a 4-cm diameter well. The gel was topped with 3 ml of
alkaline buffer and the single-stranded DNA was allowed to diffuse
out over 48 h with rotation stirring. DNA was precipitated with
three volumes of ethanol and was subsequently separated
electrophoretically in a 1% agarose gel containing ethidium
bromide.
Alterations in the sizes of nuclei within the pea endocarp
surfaces following treatments (similar to those above) were
assessed at 5½ h post-treatment with 1 mg/ml DAPI and photo-
graphed under UV light. The digital images taken at low
magniﬁcation were color-printed uniformly on full pages and
20 nuclei diameters were measured for each treatment. The values
were compared with water-treated tissue.
3. Theory
The theory forwarded is that defense-promoting components
released globally by microorganisms can also elicit plant immunity
by direct action on plant chromatin. We contend that identifying
PRRs for all eliciting components released by inﬁnite numbers of
microbial entities as receptors is a daunting task and that futuree F primer Real-time R primer
GATACAGGACAAGGAG AACGAAGGACAAGATGAAGGG
TGGCGCTGAAAGATT GATCATCGATGGCTGGAACA
TTAGTTTCACATTTGTTCTT GGGTCAGCTCCAGCAAAAGTAA
GACAGAGGCAAACAC TCGTGAAGCATACTCCCCTGTA
ATTCGAGGCTAAACTGTCT CACACTCAGCTTTGCAATGGA
TGTGCTGCTGGTTATCA AACCGAATTGCGCCAAAC
Table 3
The effect of high molecular weight (HMW) powdered chitin, a chitin oligomer of
3 degrees of polymerization (dp) and a chitin oligomer of >4 dp on the induction
of pisatin production in pea endocarp tissue.
Treatmenta Pisatin, mg/g fr. wt. H.S. coloration
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induced actions directly on plant chromatin.
4. Results
In this paper, we investigated how PAMPs generate disease
resistance in peas using indicators, such as phytoalexins produc-
tion, PR gene activation, induction of resistance against a true
pathogen, and nuclear/DNA changes in the host tissue that have
been employed in evaluating the non-host resistance in peas [26].
4.1. Phytoalexin production
The production of pisatin, an isoﬂavonoid, requires the
activation of a secondary pathway. Pisatin accumulation within
24 h can be an indicator of a multifaceted defense response that
occurred prior to 6 h pi. The effects of ﬂg22, chitin and chitin
oligomer treatments on pisatin production, are shown in
Tables 2 and 3. Treatments with the universal PAMP, ﬂg22,
induced less pisatin when compared with inductions by Fsph
spores (Table 2). However smaller concentration optimal peaks
occurred following applications of 500 and 62.5 mg ﬂg22/ml.
Although the ﬂg22 peptide generated less pisatin than that elicited
by the Fsph spores (Table 2), the intact ﬂagellin molecule was
ineffective in increasing pisatin production (data not shown).
The optimal pisatin inducing concentration for high molecular
weight (HMW) powdered chitin, 1200 mg/ml, attained 37.7 mg of
pisatin/g pea tissue within 24 h, a value much lower than that
induced by fungal spores, whereas the chitin oligomers (4+ dp)
registered only trace amounts of pisatin (Table 3). The HMW chitin
was applied as a suspension due to its low solubility. Chitin
contains regions of poly-glucosamine residues (chitosan regions)
within its predominantly N-acetylated glucosamine polymer
regions which typically constitute 20% of its total mass. It has
been reported [5] that when in contact with wheat tissue, this
chitin polymer is hydrolyzed to produce monomer and oligosac-
charides of at least up to the hexamer in size, presumably due to
the action of endochitinases and other hydrolytic enzymes. Some
of the released segments of chitin, unrecognized by the N-acetyl-
glucosamine-attacking chitinase enzymes, thus are ‘‘chemically’’
chitosan. For example, on wheat tissue, there is a reportedTable 2
The effect of ﬂg22 concentrations on pisatin induction in pea endocarp tissue.
Treatmenta Conc., mg/ml Pisatinb, mg/g H.S. colorc
Water  0.00  0.0 0
ﬂg22 500 46.0  10.0 M
ﬂg22 250 3.1  3.1 0
ﬂg22 125 0.0  0.0 0
ﬂg22 62.5 27.4  14.5 L-M
ﬂg22 31.2 16.3  16.3 L
ﬂg22 15.6 0.00  0.0 0
ﬂg22 7.8 12.5  12.5 L
ﬂg22 3.9 6.2  6.2 L
ﬂg22 1.9 8.6  2.0 L
ﬂg22 0.9 0.0  0.0 0
ﬂg22 0.4 2.1  2.1 L
ﬂg22 0.2 0.0  0.0 0
Fsph 1.1  107 spores/ml 172.5  7.4 H
a Pea endocarp tissue was treated with 10 ml per pod half of the indicated
treatment for 24 h. Fsph = Fusarium solani f. sp. phaseoli spores.
b Data indicates the mg/g of pisatin accumulation within 24 h in tissue treated
with the indicated treatments. Each pod half received 10 ml of the indicated
concentration of the ﬂg22 peptide, Fsph or water. Pisatin was extracted with
hexane, re-dissolved in 95% ethanol and the absorbance measured at 309nm.  = the
range of two replications.
c H.S. = hypersensitive coloration was evaluated with the arbitrary-microscopi-
cally observed values: 0 = none; L = light; M = moderate; H = heavy.conversion of the chitin to chitosan on the outer layer of the
infecting hyphae of the stem rust fungus at the haustorial stage
[19] of development. Chitosan is a polymer that can be solubilized
at pH values less than 6.5 [15]. The pea plant also has the potential
to release a chitinase enzyme to produce some fractions of chitosan
[14]. Chitosan oligomers are water soluble at degrees of
polymerization lower than 7 [27]. Because of the low solubility
of non-hydrolyzed chitin, it may not be readily accessible to the
plant cell membrane even though the endocarp surface is cuticle
free. This accessibility may be greater in cell suspension cultures
but the desired authentic evaluation of its action in contact with an
intact tissue is lost. The chitin oligomers utilized herein, though
water soluble, induced only a trace of pisatin and only at 5 mg/ml,
the highest concentration applied. As compared with that of Fsph
inoculum, a moderate accumulation of pisatin following the
applications of ﬂg22 and chitin suggests that the pisatin assay may
not be an accurate predictor of the PAMP-induced resistance
response in peas. Although the receptor for ﬂg22 in Arabidopsis has
been characterized [11], to date no pea PRR or receptor protein has
been reported for chitin.
4.2. Induction of PR genes
Primers were constructed (Table 1) to detect the activation of
early expressed PR genes [16] coding for an array of functions:
DRR206 codes for an enzyme associated with a secondary pathway
toward (lignan) production and a gene that has been established as
resistance-conferring trait [28]; DRR230 codes for a pea defensin
[29], with deﬁned antimicrobial activity [18]; DRR49 (PR-10) codes
for a product that enters the nucleus [30] and is a putative RNase.
DRR49 trans-genetically confers resistance in potato to early blight
[31]. The homologous PR1b gene in Arabidopsis has a PR-1 function
and is a ‘‘non-expressor’’ of NPR1 which reportedly is a master,
positive regulator of plant immunity in Arabidopsis [32]. NPR1Chitin HMW 10,000 mg/ml. 2.0  0.3b Lc
Chitin HMW 5000 mg/ml 15.5  4.2 L
Chitin HMW 2500 mg/ml 3.7  3.7 L
Chitin HMW 1200 mg/ml 37.7  15.0 L
Chitin HMW 600 mg/ml 24.3  12.4 L
Chitin HMW 300 mg/ml 0.6  0.6 nd
Chitin olig. (3 dp) 5000 mg/ml 2.2  1.4 M
Chitin olig. (3 dp) 2500 mg/ml 0.0 M
Chitin olig. (3 dp) 1200 mg/ml 0.0 M
Chitin olig. (3 dp) 600 mg/ml 0.0 L
Chitin olig. (3 dp) 300 mg/ml 0.0 L
Chitin olig. (>4 dp) 4000 mg/ml 1.5  1.0 M
Chitin olig. (>4 dp) 2000 mg/ml 0.0 M
Chitin olig. (>4 dp) 1000 mg/ml 0.0 M
Chitin olig. (>4 dp) 500 mg/ml 0.0 L
Chitin olig. (>4 dp) 250 mg/ml 0.1  0.1 M
Chitin olig. (>4 dp) 120 mg/ml 1.1  0.1 L
Chitosan HMW 2000 mg/ml 35.0  14.8 H
Chitosan HMW 1000 mg/ml 17.0  7.7 H
Fsph spores (5  106) 188.1  29.7 M
Water 0.0  0.0 nd
a Pea endocarp tissue was treated with 10 ml per pod half of the indicated
treatment for 24 h. Fsph = Fusarium solani f. sp. phaseoli spores.
b Data indicate pisatin accumulation within 24 h in tissue treated directly with
the indicated components. Each pod half received 10 ml of the indicated
concentration of the treatments, Fsph or water. Pisatin was extracted with hexane,
re-dissolved in 95% ethanol and the absorbance measured at 309nm.  = the range of
two replications.
c H.S. = hypersensitive coloration was evaluated with the arbitrary-microscopi-
cally observed values: L = light; M = moderate; H = heavy; nd = not detectable.
Table 4
The inductions of PR genes in pea endocarp tissue following treatment with the
peptide ﬂagellin 22 (ﬂg22) and with spore suspensions of Fusarium solani f. sp.
phaseoli (Fsph). The inductions are compared with that of the water control.
Treatmenta DRR206 DRR230 DRR49 PR1b
ﬂg22 (1000 mg/ml) 2.56  0.36b 1.48  0.21 1.54  0.22 0.93  0.13
ﬂg22 (250 mg/ml) 7.12  0.22 3.51  0.39 1.54  0.08 2.06  0.07
ﬂg22 (125 mg/ml) 2.88  0.80 1.23  0.25 1.29  0.26 0.97  0.23
ﬂg22 (62.5 mg/ml) 0.53  0.17 0.32  0.13 0.46  0.15 0.92  0.30
ﬂg22 (31.5 mg/ml) 2.15  0.64 1.17  0.21 1.29  0.22 1.55  0.30
ﬂg22 (17.5 mg/ml) 6.95  1.15 2.97  0.53 1.57  0.23 1.91  0.45
Fsph spores (6 x 106) 7.25  2.70 3.51  1.24 1.85  0.72 2.53  0.97
a The endocarp surfaces of 0.6 mg of split immature pea pods were treated for
5½ h with 10 ml per pod half of the indicated ﬂg22 and its corresponding
concentration, water, or F. solani f. sp. phaseoli (Fsph) spore suspension (6  106ml).
b The values represent the fold differences over the water-treated control. Each
value is the average of four data points from two Realtime PCR runs using ubiquitin
and actin as reference genes.
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accumulation of SA [33], the NPR1 is reduced, monomerized and
translocated to the nucleus. In the nucleus NPR1 interacts with the
TGACG motif binding factor that binds to elements of the PR1
promoter. As a result, NPR1 is proposed to up-regulate a set of
disease resistance genes via this route.
The induction of these pea PR gene expressions by ﬂg22 was
repeatedly variable due to concentration over the concentrations
tested and was minimal at 62.5 mg/ml (Table 4). The two widely
separated concentrations, 250 and 17 mg/ml, were optimal and
approached that induced by the Fsph spores. The basis of this
concentration-related divergence in inducing PR gene expression
is currently not understood but it is a highly repeatable
occurrence.
The highest concentration of chitin treatment of 5000 mg/ml
and a concentration of 620 mg/ml promoted all PR gene expres-
sions (Table 5). A lower chitin concentration (250 mg/ml)
treatment only occasionally promoted expressions of PR genes
above the control and some treatments were lower than that of the
water control. The very high concentration of chitin oligomer
(2600 mg/ml) effectively enhanced PR gene induction. Since chitin
is a major cell wall component [34], its proximal wall localization
in the fungal/plant interaction might make available to the plant
cell the initial presence of very high concentrations of both chitin
and chitin oligomer. Thus, such concentrations may be required
for chitinous material to be factors at the endocarp surface for
inducing PR gene-speciﬁc RNAs. Since the chitin-related treat-
ments do not always elicit PR gene expressions at the level of that
elicited by the Fsph spores, the total signal from intact spores likely
involves eliciting components in addition to or alternative to these
chitin-related polymers.Table 5
The induction of PR genes in pea tissue 5½ h after treatment with chitin, chitin oligomers,
with that of the water control.
Treatmenta DRR206 
Chitin (5000 mg/ml) 2.36  0.67b
Chitin (620 mg/ml) 1.49  0.8 
Chitin (250 mg/ml) 1.08  0.23 
Chitin oligomer (2600 mg/ml) 1.48  0.17 
Chitin oligomer (1300 mg/ml) 1.02  0.12 
Chitosan (2500 mg/ml) 3.02  1.14 
Fsph spores (6  106) 2.55  0.61 
a The endocarp surfaces of split immature pea pods (0.6 g) were treated 5½ h with 20 m
or F. solani f. sp. phaseoli (Fsph) spore suspensions (5  106).
b The values represent the fold changes over the water-treated control. Each is the av
reference genes.4.3. Induction of resistance to Fspi – cytological evaluation of fungal
growth following PAMP treatment
Previously, it was shown that Fsph, a bean pathogen, when co-
inoculated with the true pea pathogen, Fspi, generates authentic
and complete ‘‘non-host’’ resistance in pea tissue against Fspi
[21]. To evaluate the actual biological effects from the defense
responses generated by the PAMPs, the growth of a pea pathogen
was monitored following the various treatments. Treatments of
ﬂg22 ranging from 15 to 500 mg/ml were applied on pea endocarp
tissue 20 min prior to the inoculation with Fspi macroconidia. As
expected, the water treatment allowed extensive growth (Fig. 1A)
of Fspi, the pea pathogen. However, complete inhibition of Fspi
occurred following both the 500 and 60 mg/ml ﬂg22 treatments
over the 48 h observation period as shown in Fig. 1B and 1C.
Complete resistance was deﬁned as that restricting growth of the
germ tube for 48 h within all the 30 lesions observed, and that the
growth was less than the macro-conidial spore length (45 mm). It
appears that the ﬂg22 at 60 mg/ml was optimally effective in
developing resistance even though it was sub-optimal for
increasing speciﬁc PR gene expressions (Table 4). Further dilutions
of ﬂg22 to 30 and 15 mg/ml, increasingly allowed the growth of
Fspi (Fig. 1D and E). These lower concentrations of ﬂg22 slowed
down the growth of Fspi on the endocarp surface temporarily in
the presence of intense hypersensitive discoloration in the cellular
vicinity of the spore. In separate assays (not shown), ﬂg22 did not
directly inhibit in vitro growth of Fspi spores in a deﬁned liquid
media [23].
The other PAMP, chitin, a cell wall component of most fungi
[34], is a polymer positioned as indicated proximal to the plant
cell at the initial point of contact. The different chitin
preparations showing variations in their effectiveness in
inducing pisatin production (discussed above) were evaluated
cytologically for their immunity-inducing properties (Fig. 2). The
pretreatment of the pea endocarp with HMW chitin powder at
5000 mg/ml enabled some Fspi mycelia to grow well beyond the
spore length (45 mm) (Fig. 2B), the bench mark associated with
resistance, but grew less than that of Fspi inoculated on tissue
pretreated with water (control tissue) (Fig. 2A). HMW chitin
applied at 620 mg/ml slowed Fspi growth below the bench mark
(Fig. 2C). When the concentration was lowered to 310 mg/ml,
Fspi growth was beyond the bench mark (Fig. 2D). Excessively
high concentrations of HMW chitin powder (1250–5000 mg/ml)
suppressed the normal pea non-host resistance response thus
allowing growth of Fsph, the bean pathogen (Fig. 2G). The pea
retained normal resistance to Fsph at lower HMW chitin
concentrations, e.g. 70 mg/ml (Fig. 2H), similar to the water
treated tissue (Fig. 2F). Concentrations near 620 mg/ml of HMW
chitin or chitin oligomers may be excessive to those which could
be released in normal fungal/plant interactions. There was some chitosan and spore suspensions of Fusarium solani f. sp. phaseoli (Fsph) are compared
DRR230 DRR49 PR1b
1.55  0.97 1.28  0.46 1.28  0.44
1.59  0.22 1.31  0.85 1.28  0.79
0.92  0.21 0.69  0.19 1.42  0.34
1.47  0.2 1.58  0.49 1.59  0.81
0.99  0.07 1.05  0.13 1.16  0.23
2.08  0.8 1.46  0.61 1.42  0.25
2.00  0.52 1.53  0.4 0.88  0.28
l per pod half of the indicated treatment and its corresponding concentration, water,
erage of four data points from two real-time PCR runs using ubiquitin and actin as
Fig. 1. Effect of ﬂg22 on the resistance responses of pod endocarp tissue against the pea pathogen, F. solani f. sp. pisi (Fspi). 10 ml of the following treatments: A = water;
B = 500 mg/ml; C = 60 mg/ml; D = 30 mg/ml; and E = 15 mg/ml of ﬂg22, were applied per pod half, followed within 20 min by 5 ml of Fspi spores (3.3  106) in water. Fungal
growth on surface cell sections was detected with aniline blue. Arrows indicate the locations and 2 day post-inoculation condition of the original macroconidia and the
hypersensitive discoloration of adjacent pea cells.
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potential elicitors to induce four PR genes and those which
activate pisatin accumulation and cytological resistance against
a pea pathogen.
4.4. Nuclear changes – assessment of DNA damage following PAMP
treatment
Since there is no current identiﬁcation of pattern recognition
receptors (PRRs) [22] in the pea/F. solani interactions, the
alternative route of PR gene transcription, direct action on nuclear
DNA was investigated. Such direct action has been previously
reported for the biotic elicitors DNase and chitosan [20,35]. The
FsphDNase that signals the non-host defense response in pea is a
‘‘DNase 1-like’’ enzyme whose cellular entrance and induction is
associated with DNA damage in the upper cell layer nuclei of the
endocarp tissue. The transcription initiation of defense genes by
FsphDNase is proposed [26] to occur directly at the chromatin
level. The DNA separations shown in Figs. 3 and 4 indicate that
within 2 h (ﬂg22) or 5½ h (chitin) of the application of either ﬂg22
or chitin, respectively, there are detectable variations in the
content of fragmented DNA recovered from within the total pea
DNA extracted.
Tissues treated with ﬂg22 (17 mg/ml) Fig. 3B, lane 3 and most of
the lower concentrations (3, 0.17, 0.03, 0.019 and 0.009 mg/ml) were
associated with releases of single stranded fragments of pea DNA.
These smaller DNAs were released from aliquots of total DNA
(Fig. 3A) encumbered in alkaline discs (see Section 2). ﬂg22 at 12 mg/
ml optimally induced increases in some PR-speciﬁc RNAs (Table 4).
However a much higher concentration of ﬂg22 (62.5 mg/ml) was
required for optimal pisatin induction (Table 2). The ﬂg22 treatments
for 5½ h (not shown) shifted the optimal concentration for DNA
fragmentation to 60 mg/ml suggesting that the effect of lower
concentrations of the small ﬂg22 peptide were transitional and may
have been accompanied by DNA repair within the pea tissue.Treatment of pea tissue with chitinous components also
resulted in some minor but detectable variations in DNA
migrations (Fig. 4). Tissues treated with the high molecular weight
chitin treatments of 5000 mg/ml generated increases both in
fragmented DNA and PR gene-speciﬁc mRNAs (Table 5). Although,
in most treatments RNA releases exceeded that from untreated
tissue, there were also more releases from water-treated tissue at
5½ h. It is evident from these snap-shot extraction points there
were changes in chromatin (DNA), however, the fragmentation
speciﬁcs relative to transcription of PR genes may be confounded
with some general changes in healthy water-treated tissue. These
results suggest an element of DNA fragmentation occurs similar to
the induction of defense responses elicited by puriﬁed FsphDNase
[35]. The receptor sites in pea for some of the concentrations of
chitin-like PAMPs tested may be associated with direct DNA
damage. Both PAMPs, ﬂg22 and chitin, differentially affect plant
DNA.
4.5. Variation in nuclear size
Overall changes in transcription have been proposed to occur
[36] as a result of loosening chromatin structure, therefore an
analysis of nuclear sizes 4½ h following PAMP treatment in the
epidermal layer cells of the pea endocarp tissue was included.
Following the application of the highest concentrations of the
PAMPs used in this study, nuclear sizes of 45 nuclei were
monitored (see Section 2) and compared to those of the water-
treated control. Nuclei diameters in pea tissue treated with
1000 mg/ml chitin powder were 108% of the water control;
500 mg/ml ﬂg22 were 126% of control; and 250 mg/ml ﬂg22 were
117% of the control. Increases in nuclear diameters were previously
reported following treatment of pea endocarp tissue with a DNase
puriﬁed from yeast treatments that also activated the non-host
defense response [25].
Fig. 2. Concentrations of chitin (HMW powered chitin) or chitin oligomer (3 dp) affecting the resistance of pea endocarp tissue against Fusarium solani f. sp. pisi (Fspi) and
f.sp. phaseoli (Fsph). Half fold dilutions of powdered chitosan from 10,000 to 39 mg/ml (20 ml per pod half) were administered 2 h prior to inoculation with 5 ml/pod half of
spore suspensions (6  106) of Fspi or Fsph. Fungal growth readings of aniline blue stained surface sections were conducted at 48 h. Photos indicate controls and both
expected responses and deviations from the expected resistance and susceptible responses. A = Fspi on water-treated control; B = Fspi on 5000 mg/ml chitin; C = Fspi on
620 mg/ml chitin; D = Fspi on 310 mg/ml chitin; E = Fspi on 610 mg/ml chitin oligomer; F = Fsph on water treatment; G = Fsph on 5000 mg/ml chitin; and H = Fsph on 70 mg/
ml. Arrows indicate the original conidial spore. Bar = 50 mm.
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5.1. PAMPs and down stream PR gene and phytoalexin signaling in
pea tissue
Chitin and ﬂg22 applications induced only moderate levels of
pisatin compared to those induced by intact Fsph spores, but
speciﬁc concentrations (5000 and 17 mg/ml, respectively) effec-
tively enhanced the activation of some key PR genes. Speciﬁc
concentrations of chitin (e.g. 620 mg/ml) also enhanced the
resistance of pea endocarp tissue to Fspi.
The ‘‘new negatives’’ addressed in this report may widen the
perspectives of research directed at activating non-host resistance
responses. The negatives of the two PAMPs, ﬂg22 and chitin, in the
pea system relate to the low levels of phytoalexin induced. Their
roles in the direct action on the chromatin (DNA fragmentation)
may relate negativity in that intensity of changes in fragmentation
did not directly correlated at all the speciﬁc application
concentrations with the expected defense responses. The simplest
explanation is that transcription can be initiated by both signaling
cascades and direct action at the chromatin level. Further, the
effects of these PAMPs on signaling transcription events thatactivate pea pathogenesis-related (PR) genes and suppress the
growth of the pathogen in pea tissue may differ from those
researched in other plant systems. The PAMP/PRR concept
proposes an extensive number of pattern recognition receptors
within the cell membrane matching those PAMPs presented by the
wide diversity of pathogens [1]. The biochemical documentation of
such match-ups is still in its infancy. Alternately, the elicitation of
PR genes in pea tissue may result from effects directly on
numerous sensitivity sites along chromatin strands or on speciﬁc
chromosomal regions [22,37–39].
5.2. Other signals of non-host resistance
FsphDNase, a major elicitor from the bean pathogen Fsph,
applied as a puriﬁed DNase enzyme, causes direct damage to the
pea DNA within 6 h as the pea develops immunity [35]. Addition-
ally, there are mitochondrial genes coding for DNases, most coding
for N-terminal signal peptides. These occur within the genomes of
all fungi sequenced to date [25]. The fragmentation assay following
the treatments with ﬂg22 and chitin did not consistently display
DNA damage in excess of that of the control tissue. There are
multiple ways other than DNA cleavage for the plant chromatin to
Fig. 3. DNA damage in pea endocarp tissue 2 h following the application of 15 ml per
pod half of the following ﬂg22 solutions: Lane 1 = 50 mg/ml; Lane 2 = 25 mg/ml;
Lane 3 = 12 mg/ml; Lane 4 = 6 mg/ml; Lane 5 = 3 mg/ml; Lane 6 = 1.5 mg mg/ml;
Lane 7 = 0.7 mg/ml; Lane 8 = 0.3 mg/ml; Lane 9 = 0.19 mg/ml; Lane 10 = 0.09 mg/ml;
Lane 11 = water; and Lane 12 = 1  107 Fsph spores/ml. Photo A – gel wells were
loaded with 5 mg of the total DNA extracted per treatment. Photo B – gel wells were
loaded with 20% of the DNA recovered in alkaline buffer diffusate from agarose
disks containing 50 mg of the total DNA (see Section 2).
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peptides and nuclear localization motifs, affect gene activation, e.g.
at primary transcription sites [36]. Thus, a diversity of chromatin
sites within plant genomes have the potential to serve as reactive
receptors to all of the DNases, particularly those possessing the
facilities to enter host tissue and transfer to the nucleus. Equally
likely, is the possibility that other components, small molecules,
siRNA, peptides and proteins, can localize in the nucleus
subsequently altering chromatin conformation and consequently
transcription. It has been demonstrated in other eukaryotic
systems that following nucleosome dis-assemblies certain genes
can be actively expressed without the requirement for speciﬁc
transcription factors [40]. However the transcription factor
speciﬁcity returns after the nucleosome is re-assembled. It was
recognized previously that there are hypersensitivity regions
within the chromatin of all organisms that respond characteristi-
cally to hormones and other gene-activating agents [25]. It has
been demonstrated in pea tissue that changes occur at PR gene
promoter sites. One such change is associated with the ubiquitina-
tion of the nuclear proteins histones H2A and H2B that can be
detected in the region of some pea PR genes with chromatin
immunoprecipation (ChIP) techniques. The ubiquitination andFig. 4. DNA damage resulting 5½ h following the application of the following chitin
components to pea endocarp tissue. Lane 1 = high molecular weight (HMW)
powered chitin (5000 mg/ml); Lane 2 = HMW chitin (620 mg/ml); Lane 3 = HMW
chitin (310 mg/ml); Lane 4 = chitin oligomer (2600 mg/ml); Lane 5 = chitin oligomer
(1300 mg/ml); Lane 6 = chitosan (2500 mg/ml); Lane 7 = water control; Lane
8 = Fsph spores (5  106); and Lane 9 = non-treated tissue. The endocarp tissue
surface of each pod half was treated with 20 ml for each of the above treatments.subsequent removal of nuclear proteins (histones H2A/H2B and
HMG A) have been associated with increased transcription both in
peas [26] and other eukaryotic systems [41]. Also, the chromo-
somal diversity related to disease resistance coding has been
detected in regions of the pea DNA containing quantitative disease
resistance traits (QTLs). Some of these mapped regions include
open reading frames of known PR genes [37–39].
5.3. Recognition of PAMPs
No PRRs for chitin or ﬂg22 have been reported in pea [22],
however PRRs recognizing PAMPs are found in other plant systems
such as Arabidopsis reviewed by Postel and Kemmerling [4]. PAMP
recognition by FLS2 is controlled by a co-receptor SERK3/BAK1 also
a leucine-rich repeat receptor that dimerizes with the PRRs to
support this function. Once the perception of PAMPs by PRRs
occurs, effector proteins injected into the plant cell can suppress
the immune responses. In the presence of known match-ups, such
as the ﬂg2/FLS2 combination, there can be other interactions
indicating that the ﬂagellin peptide may not act alone. Enhanced
resistance in a ﬂs2 mutation in Arabidopsis can be induced when
treated with crude bacterial extracts devoid of elicitor-active
ﬂagellin [42]. Research from other bacterial pathogens also
indicates that ﬂagellin is not a major defense elicitor released
from the phytopathogenic bacterium Ralstonia solanacearum, since
extracts of mutant bacteria, defective in ﬂagellin production, all
elicited strong defense-associated responses [43].
5.4. Potential PRRs for chitin in pea
Correspondingly no pea PRRs, for either chitin or chitosan, have
been reported. Chitin/chitin oligomers share some structural
similarity to the PR gene/pisatin elicitor, chitosan, however the
N-acetylation of the glucosamine sugar residue in chitin changes it
from a water soluble basic polymer to one of a low solubility, rigid
structure [15]. Chitosan having a high afﬁnity for the DNA
molecule has been shown to enter plant cells and partially localize
in the nucleus [44]. Chitin polymers greater than 5 dp are
progressively more water insoluble. The acetylation of the amino
groups in the conversion of chitosan to chitin reverses the
polymer’s basic properties and thus the acetylated amino groups
no longer have an afﬁnity for the phosphate groups of DNA.
Therefore it is unlikely that these two polymer classes would act
similarly in activating the plant defense response. An as yet
unknown membrane receptor for chitin oligomers in peas, if found,
could by-pass any need for an inter-cytoplasmic or nuclear target.
In other systems Lysin Motif-containing LyM receptor kinases
recognize N-acetylglucosamine (NAG)-containing ligands [45] 56).
The LysM receptor kinase, CERK1 (chitin elicitor receptor kinase 1)
in Arabidopsis binds a N-acetyl glusosamine (NAG) oligomer
[7,8]. The receptor activation requires ligand-induced CERK1
homodimerization [46] which is stabilized by chitin octamers.
The immunogenic activity of these chitin oligomers requires a high
degree of oligomerization even though the lower ones are capable
of binding LysM receptors.
Chitin signaling in rice requires a receptor kinase Os CERK1 and a
receptor-like protein (Os) CEBiP, which speciﬁcally binds to chitin
oligosaccharides. In Arabidopsis the analog AtCERK1 is sufﬁcient for
chitin perception by itself [47]. Thus, rice homologs of CERK1 may
have employed different receptor systems from those in Arabidopsis
[48]. Although no typical PRR receptor has been reported for chitin in
pea, the pea chitinase protein has been puriﬁed using a chitin-resin
column, indicating that the N-acetyl glucosamine polymer is
recognized by this protein in pea tissue [49].
Another category of phytoalexin elicitor and defense response
activator addressed previously [20] includes the phosphatase
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phosphatase-inhibitor-elicitors are not known to be components
of the natural Fusarium/pea signaling but are able to activate the
defense responses at extremely low concentrations. One such
phosphatase inhibitor is calyculin A. At 2 mg/ml, it induces pisatin
production exceeding that induced by the fungus Fsph, and at
0.3 mg/ml, it induces resistance to Fspi in pea tissue [20]. Calyculin
A is not known to have a direct afﬁnity for DNA but its induction of
defense responses in pea is associated with increased DNA damage
[20]. Because this inhibitor functions at hormonal levels it
indicates that disruptions or agitations of phosphorylation
cascades may also be crucial in the signaling of the non-host
defense response. Alternately, phosphorylation inhibition could
cause major changes in DNA-binding proteins at the nuclear level
by developing signals for the ubiquitination targeting of the
architectural transcription factor, HMG A, and of the histones
H2A/H2B [26]. Such inhibitors may directly affect kinase receptor
action and/or the phosphorylation of receptors [50–52]. Interest-
ingly, the expression and puriﬁcation of kinases with known roles
in plant immunity are among the other hundred kinases in plant
cells, and some can experience auto-phosphorylation [53]. Thus,
sorting out those on the cascading routes proposed for signaling
immunity responses at the transcriptional level presents a major
challenge.
6. Conclusions
The two classes of PAMPs researched, ﬂagellin/ﬂg22 and chitin/
chitin oligomers have the potential to activate deﬁnitive resistance
in pea against the true pea pathogen, Fspi. The effectiveness of both
classes of elicitation is dictated by speciﬁc concentrations of the
elicitor treatment. Further, excessive concentrations of chitin can
interfere with the natural immunity in pea tissue against the bean
pathogen, Fsph and the susceptibility to Fspi. That host parasite
interactions can involve multiple signaling routes, continues to
become more apparent as mutagenic or RNA silencing studies
uncover more vital plant systems that can change or moderate the
plant’s resistance mechanisms [50–55]. To add to the complexity,
the reception of the PAMPs in pea tissue appears to be modiﬁed
both with changes in the elicitor and changes in their concentra-
tions. Continued receptor searches for the PAMPs, chitin and
ﬂagellin in pea are worth pursuing because these components are
ubiquitously present within fungi and bacteria, respectively.
However, the potential for elicitors to directly target DNA and
initiate defense gene transcription should not be excluded.
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